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Abstract
A novel photolithographic technique which promises quick and easy large area patterning
is explored to satisfy the nanowire applications requirements. Nanohole patterns for or-
dered nanowire growth and nanopillar arrays for PV applications are produced by means
of Near Field Phase-Shift Photolithography. Furthermore, solar cells based on silicon
nanopillars have been fabricated showing high eﬃciencies. The quality of diﬀerent pas-
sivating materials was evaluated in this particular approach, concluding that a double
layer of SiO2/SiNx is the most appropriate.
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Introduction
Energetic scenario
Nowadays, it is not out-of-place to talk about the energetic crisis that our society starts
to face. Our economy is based on the consumption of limited energetic resources, which
means that without those resources the GDP cannot increase as it has been doing so far.
Fossil fuels cover a large part of the energetic demand, contributing negatively to the
greenhouse eﬀect. Besides, the scientiﬁc community points out we will reach soon the
peak oil, when the maximum rate of petrol extraction will arrive. It will be a non-return
step where our energetic scheme will dramatically change.
Renewable energy appears as the most reliable alternative to overcome the energetic
changes in this shocking era. In particular, solar energy based technologies are growing
in interest because sun light is the most abundant renewable energy resource in our
planet [1]. Photovoltaics, which convert incident light to electrical energy, are called to
have an important role in the coming technological transition.
Solar cells role
Although photovoltaic technology provides only 0,1% of the total global electricity gen-
eration, the International Energy Agency (IEA) considers it a reliable technology with a
signiﬁcant potential for long-term growth in nearly all world regions [2]. Green described
the photovoltaic future by deﬁning three generation of solar cells, the ﬁrst generation
includes crystalline silicon technologies which have a high eﬃciency at the expense of a
very pure silicon demand. Second generation PV, based on thin-ﬁlms, uses less and lower
quality materials which reduces its eﬃciency but also its price. A further cost reduction
can be achieved with the third generation cells, which have potential to overcome the
ShockleyQuessier eﬃciency for single band gap solar cells [3]. Several approaches have
been proposed as multi-junction solar cells, hot carrier cells, intermediate-band cells and
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broadband spectrum conversion [4]. IEA recently classiﬁed a fourth generation technol-
ogy based on the concentration of direct solar radiation by optical means [2]. Figure 0.1
plots the roadmap expected by the IEA for the diﬀerent PV generations.
Figure 0.1: Photovoltaic technology status and prospects [2]
Solar cells based on micro- and nano-wires represent a promising path to increase the
eﬃciency/cost ratio that third generation PV must accomplish. The present work gives
an approach to obtain these particular solar cells by means of a novel photolithographic
technique which promises quick and easy large area patterning.
Part I
Near ﬁeld phase-shift
photolithography and its
applications in nanowires
3

Chapter 1
Photolithographic methods
In this chapter Near ﬁeld phase-shift photolithography (NF-PSL) is explained in the
frame of the photolithography. As part of the resolution enhancement technologies, its
main goal consists in reducing the resolution limit based on the actual techniques with
a low-cost approach.
1.1 Motivation
In spite of the great progress done on the understanding and control of nanowires growth,
vertical nanowires are grown often randomly positioned on the substrate. However, in
many applications a control on the position and their dimensions are required to ef-
fectively employ such structures. Ordered nanowires can be attained by patterning a
substrate. For this purpose, many techniques have been developed, such as nanoim-
print lithography, electron beam lithography, nanosphere lithography, laser interference
lithography and other template-assisted patterning [5]. The most largely used technique
is e-beam lithography [6], thanks to its high precision, however its cost and time con-
sumption are a disadvantage for large area applications.
The search for new large area pattern fabrication techniques motivated the ﬁrst steps of
this project. Alternative low cost photolithography based methods have been explored to
overcome the challenge. In this chapter, the use of a new technique to fabricate nanos-
tructures from two diﬀerent approaches, top-down and bottom-up, will be demonstrated.
The ﬁrst approach consists of patterning nanohole arrays to be used to control the
growth of gallium arsenide nanowires on Si substrates. Nevertheless, in order to obtain
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vertical wires a thin layer of SiO2 (below 30 nm) is required [7]. The second approach
consists in the fabrication of silicon nanopillar arrays, which could be used for solar cells.
1.2 Resolution Enhancement Technologies
In the last 40 years high density chip integration has been developed with extraordi-
nary speed, mostly due to the advances in optical lithography. The market has pushed
technological innovation during decades to reduce the resolution limits [8, 9, 10].
The resolution limit in standard photolithography obeys the Rayleigh's equation:
R =
k · λ
NA
Where R is the resolution (minimum reproducible feature), λ is the incident wavelength
in the vacuum, NA is the numerical aperture of the exposure equipment and k is a
constant that depends on the photo-resist material.
The numerical aperture of the lens system was increased at the same rate as the minia-
turization evolved. High-NA lens systems (typically > 0.5) produce very small depth
focus; in consequence the process becomes sensitive to thickness variations. In order
to improve the feature resolution, the light source wavelength is reduced to enhance
the resolution. Coherent light from KrF (λ = 248nm), ArF (λ = 193nm) and F2
(λ = 157nm) excimer lasers are already used in industry in combination with other pho-
tolithographic techniques. The so-called Resolution Enhancement Technologies (RETs).
RETs are applied to minimize the constant k , by modifying the light source, phase shift-
ing the wavefront near the mask or ﬁltering with an aperture in the projection lens.
Figure 1.1 shows the evolution of photolithography resolution over the last 40 years. It
illustrates the miniaturization trend and its dependence on the NA, the exposure wave-
lengths and the RETs.
All RETs are linked to one part of the photolithographic system: The Optical Proximity
Correction (OPC) and Phase-Shifting Masks (PSM) minimize undesired distortion eﬀects
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by modulating the amplitudes and phases of the mask features; On the other hand, Oﬀ-
Axis Illumination (OAI) modiﬁes the direction of the incident light. The characteristics
of such technologies are presented in the following sections.
Figure 1.1: Resolution evolution [8].
1.2.1 Optical Proximity Correction
This RET is applied to correct unwanted optical proximity eﬀects. Proximity eﬀects
are, for example, the line-width modiﬁcation of a feature. The easiest way to detect it
consists in printing an isolated line and a dense array of lines and compare if they are
identical. Another undesired eﬀect, for instance, is the corner rounding. This eﬀect must
be assumed as part of the optical system due to the optical aberration. OPC proposes
to change some mask sub-features in order to have a better photolithographic output.
Two OPC methods are employed, the rule-based method, easy to implement, which just
compensates the warping of local features; and the model-based method which uses a
calibrated lithography model that predicts the proximity eﬀects of the mask design.
1.2.2 Phase-Shifting Mask
OPC methods attempt to solve the light diﬀusing problems that appear in the border
between the opaque (chrome) and the transparent region (fused silica e.g.). Phase shift-
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ing masks produce phase shifts in transmitted ﬁeld. It causes either a constructive or
destructive interference that cancel the diﬀracted light at the interface between chrome
regions. Integrated circuit technologies use mainly three diﬀerent types of PSMs: alter-
nating, attenuated, and chrome-less phase-shifting masks.
Alternating PSMs (ﬁgure 1.2a) change the phase of the nearby features on the mask
by alternatively introducing 180° phase shifts. This alternative repetition leads to de-
structive interferences which give better resolution and contrast in the output image
compared to the standard binary mask. Transparent material (Quartz, fused silica,..) is
etched to implement this feature on the mask.
In attenuated PSMs (ﬁgure 1.2b), chrome regions on a binary mask are replaced by
molybdenum silicide (MoSi). MoSi layer, which has a transmittance of 6%, gives a
phase shift of 180°. Destructive interferences are again generated by the phase diﬀer-
ence between transparent and partially transparent regions.
Finally, Chrome-less PSMs (ﬁgure 1.2c) have neither any opaque nor any partially trans-
parent region. Chrome-less PSMs are made out of only one transparent material, struc-
tured in a way so that destructive interferences occur.
(a) (b)
(c)
Figure 1.2: Examples of Phase-Shifting masks. (a) alternative PSM, (b) attenuated
PSM and (c) chrome-less PSM [9].
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1.2.3 Oﬀ-Axis Illumination
Oﬀ-Axis Illumination (OAI) refers to any modiﬁcation on the on-axis light striking the
mask. OAI changes the conventional imaging of a binary mask by tilting the incident
light, resulting in a shift in the diﬀraction pattern. Changing the diﬀraction orders
accepted by the lens, contrast and resolution are improved with this RET.
1.3 Near ﬁeld phase-shift photolithography
characteristics
The near ﬁeld phase-shift photolithography (NF-PSL) is a resolution enhancement tech-
nique included in the standard photolithography technologies. However, it does not
employ a binary mask usually used in optical photolithography. It employs a chrome-free
mask which has grated features. This fact makes it very attractive to go further into
the no-ending battle against the resolution limits. The mask is completely made from
a transparent material. The phase-shift eﬀect causes destructive interactions due to
a relief pattern on the mask. Only engineering the pitch and relief step among many
pattern parameters, it is possible to ﬁnd the conditions to push down the resolution limit
compared to other photolithographic masks. NF-PSL is not completely developed by
the scientiﬁc community. Many studies have been done to understand how and why
these destructive interactions are built. On the other hand, some works have proposed
an optimized mask design, exposure and photoresist conditions.
1.3.1 State of the art
NF-PSL has been used to generate structures in the sub-100 nm regime over cm2-
sized areas. Some examples are, the nanochannels and nanodots developed by Prof.
Zacharias [11, 12], the nanorings and nanowells patterned by Prof. Whitesides group
[13] and the transistor gates fabricated by Dr. Fritze group [14] (see ﬁgure 1.3). All
groups highlighted the versatility, low cost and simplicity of this approach which has
potential to be a technological breakthrough. Since NF-PSL does not require complex
facilities it could be easily implemented in the chip industry to reduce costs once the
technology reaches its mature.
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(a) (b)
(c)
Figure 1.3: Sub-100 nm structures generated by NF-PSL, (a) nanochannels [11], (b)
nanorings [13] and (c) transistor gate [14].
Features with sub-100 nm sizes are produced from photo-masks with sizes on the order
of microns. Two paths have been explored regarding photo-mask selection. On one side,
some groups developed elastomeric masks which have a mechanical ﬂexibility that allows
a conformal contact between the PR and the mask [13, 15, 16]. The disadvantage of
performing NF-PSL with ﬂexible masks includes the diﬃculty of achieving an accurate
spacing between the features. PDMS-based masks, produced through a molding pro-
cess, have been extensively used although they are single use masks. On the other hand,
several groups performed NF-PSL with glassy masks made from borosilicate, quartz or
silicon nitride with signiﬁcant results (author?) [11, 12, 14, 17]. Rigid masks are fab-
ricated using conventional lithography and reactive ion etching (RIE) saving an extra
processing for the mold master in elastomeric mask case. Due to the hard nature of
rigid masks, they can be used for an extended time of period. Several exposure steps
have been exclusively reported by using glassy masks because it enables to easily align
mask and substrate [12, 14].
In order to understand the phase-shift phenomena, a conventional binary mask and a
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phase-shift mask are compared when light passes through them [18]. Figure 1.4 shows
the electric ﬁeld and the light intensity proﬁle of both masks. Light diﬀraction makes
impossible to achieve two pics of intensity when two aperture lines are too close. Light
intensity is proportional to the square of the electric ﬁeld. A phase-shift step (so-
called shifter) reverses the sign of the electric ﬁeld. Destructive interferences, between
waves diﬀracted from adjacent apertures, minimize the electric ﬁeld and the intensity
between the apertures. In the case of NF-PSL, it uses graded chrome-free mask to take
advantatge of the same optical eﬀect.
Figure 1.4: Phase-shift eﬀect on alternating PSM.
Many research groups optimized the chrome-free mask design to get the narrowest
intensity proﬁle possible so that the resolution is higher. NF-PSMs incorporate periodic
rectangular trenches on the mask surface with a depth d to create a phase of 180° on
light:
d = λ
2(n−1)
Where λ is the wavelength of the UV light employed and n is the refractive index of
mask material. Feature resolution is aﬀected by the depth of the relief in the phase-shift
mask. Smallest features are achieved through NF-PSL using broadband UV illumination,
rather than monochromatic light. Prof. Lakhtakia group attributed this behavior to the
undesirable standing-wave patterns in the photoresist layer produced by monochromatic
UV illumination [19]. The image generated by NF-PSL is explained by the combination
of near ﬁeld and phase-shifting eﬀects. A recent numerical simulation concluded that
phase-shifting eﬀects are essential to the success of NF-PSL while near ﬁeld eﬀects, such
as evanescent Floquet harmonics, are not always signiﬁcant [20].
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Chapter 2
Experimental procedure
In this chapter we outline our approach to generate nanoholes and nanopillars by using
Phase-Shift photolithography. Both, nanohole arrays (for a bottom-up growth) and
nanopillar arrays (for a top-down fabrication) can be attained, by just changing the
photo-resist polarity, using the same mask. On the other hand, the importance of the
mask fabrication to reach a high resolution will be emphasized. The experimental method
was further optimized until the aimed resolution could be achieved.
2.1 Mask
The quality of the mask is critical for the result of Near ﬁeld contact Phase-shift pho-
tolithography (NF-PSL). All the diﬀerent steps of the mask fabrication have been care-
fully analyzed in order to obtain the ﬁnest mask possible. Despite all existing literature
about PSM fabrication, the optimal mask characteristics are not completely deﬁned yet.
A fused silica hard mask was chosen among the diﬀerent possibilities, explained in sub-
section 1.3.1, that phase-shifting engineering gives. As it has been explained also in
subsection 1.3.1, PSMs interaction with light generates shadowed regions on its near
ﬁeld. These shadowed areas must be placed on the wafer following our purpose, to gen-
erate arrays of nanometric dots. Destructive interferences are created on the edge of the
mask relief. That is why, for example, rounded structures on mask surface generate a
nanoring shadow [13] or masks with lines pattern give shadowed stripes next to the relief
step [11, 21]. Another interesting approach is based on a two-step exposure [12, 13, 22].
This procedure proposes to expose twice the wafer through a mask with a line pattern
in order to obtain small dots. The ﬁrst exposure will generate shadowed lines and, by
rotating the mask 90°, perpendicular lines will be produced. The intersection between
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these dark lines forms non-illuminated small areas that deﬁne nanometric dots, as illus-
trated in ﬁgure 2.1. Large arrays of non-illuminated dots can be easily produced with
certain mask conditions. The following points review some important characteristics to
be deﬁned on the mask.
Figure 2.1: Two-steps exposure (courtesy of A.Dalmau).
2.1.1 Mask material
Several materials have already been used as phase-shift mask such as quartz, borosilicate
or pyrex [11, 12]. From the list of wafers available at CMi (Center of Micronanotechnol-
ogy at EPFL), borosilicate was discarded due to its thickness (145 µm), too brittle to
be easily manipulated. Pyrex, with a similar composition to borosilicate and fused silica
(pure amorphous Si), both 525 µm thick, were selected as possible candidates.
Interesting published works insist on the importance of having sharp edges on the mask
pattern [17, 23]. Subﬁgure 2.2a shows the cross section view of a mask made from
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pyrex. Visibly, the relief was not as square-shaped as it would be desired. On the other
hand, subﬁgure 2.2b reveals a cross section of a fused silica mask which is manifestly
much better shaped. Apparently the impurities content of pyrex, 19% of alien elements,
contributed dramatically to reduce pattern quality compared to fused silica (pure amor-
phous SiO2). During the pattern etching, pyrex impurities are heterogeneously cut out
providing a rounded corner. Therefore, fused silica was selected as mask material.
(a) (b)
Figure 2.2: Pyrex (a) and fused silica (b) masks cross section images taken by SEM.
2.1.2 Mask spacing, periodicity and relief step
Lines periodicity and depth have a big inﬂuence on lithography output. Several works
studied the eﬀect of changing grating dimensions [19, 21, 23], concluding that 2 µm
of spacing and 4 µm of periodicity are optimal while exposing with Broadband light,
because the contrast between nulls and illuminated areas is the highest. Under those
mask dimensions, similar NF-PSL projects were successful on generating nanolines and
nanorings with critical dimensions down to 100 nm [11, 13, 21]. Figure 2.3 shows the
relief pattern details of the fabricated mask. Diﬀerent studies point out that the optimal
step depth is between 400 and 500 nm in the case of using Broadband light for the
exposure [19]. Several masks were fabricated to determine the step depth which gives
the best resolution on the nanostructures (400, 450 and 500 nm). A depth of 500 nm
was set as the nominal depth to fabricate the PSM.
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(a)
(b)
Figure 2.3: SEM mask relief details, (a) 4° tilted cross view and (b) 20° tilted overview.
2.1.3 Mask fabrication
Both sides of the mask were coated with Aluminum by sputtering (Pfeiﬀer Spider 600).
100 nm of aluminum were deposited on the front-side while the back-side coating was
350 nm. A double-side coating with a conductive material was required for e-beam
lithography technique. The mask was coated with 150 nm of ZEP 50% positive re-
sist. Subsequently, e-beam lithography (Vistec EBPG5000) was carried out with the
desired job. After developing ZEP (1 min. into developer Amyl-Acetate and 1 min.
into 90:10 MiBK:IPA rinse solution), aluminum layer was etched by reactive ion etch-
ing (RIE) for 20 s into STS Multiplex ICP (Cl2(10 sccm)+ BCl3(10 sccm)). In order
to remove the resist mask, an oxygen plasma was performed. Using Aluminum as a
hard mask, fused silica substrate was etched by RIE during 130 s in Alcatel AMS 200
(C4F8 (17sccm)+He (150sccm)+CH4 (13sccm)). Afterwards, to completely remove the
aluminum layer, the substrate was dipped in the ANP bath (H3PO4 85% + CH3COOH
100% + HNO3 70%) for 30 min.
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2.2 Phase-shift photolithography process
The critical NF-PSL steps are carefully explained in this section. Photo-resist coating, ex-
posure and developing were optimized to achieve the best quality for our nanostructures.
By changing PR polarity it was possible to switch the patterned structure. Negative PR
was used for nanoholes patterning while positive PR for nanopillars (see ﬁgure 2.4).
Figure 2.4: NF-PSL with positive and negative PR coating [24].
2.2.1 Photo-resist coating
NF-PSL is more sensitive than other photolithographic processes, the PR coating step is
not an exception. Uniform and tiny features can only be achieved with a thin PR layer
because an increase on PR thickness decreases clearly light absorption along the z axis
[20]. Since the light absorption proﬁle in the PR should be as uniform as possible, thin
PR layers are prefered when using NF-PSL. Small aspect ratio help when developing the
PR which can be achieved with thin layers of PR. Moreover, the adhesion between PR
and the substrate needs to be strong to improve the coating quality and avoid roughness.
Oxygen plasma or HMDS, depending on the substrate, were performed on the wafers
before coating to improve adhesion.
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2.2.2 Photolithographic exposure
Exposure dose can only be controlled by the exposure time since the lamp power is
constant. Exposure dose depends mainly on the PR thickness and the light source. As
explained in subsection 2.2.1, thick PR layers need higher exposure dose than thin ones
due to its changes in the absorption proﬁle. Figure 2.5 ilustrates how the choice of the
right exposure dose can aﬀect to the NF-PSL results.
(a) (b)
Figure 2.5: SEM nanoholes images, (a) under-exposed nanoholes and (b) well-exposed
nanoholes.
As it has been explained in section 1.2, in order to enhance the resolution of photolitho-
graphic processes, lower wavelengths of incident light are preferred. However, NF-PSL
resolution is higher when using broadband UV light, as explained in section 1.3.1.
Moreover, the contact between the mask and the photo-resist must be uniform and
conformal [11, 15]. Hard masks do not allow as intimate contact as elastomeric masks
[13, 15, 16]. Besides, ﬂatness diﬀerences between mask and wafer can be an impediment
to achieve a good contact, therefore some pressure was applied to ensure a perfect
contact.
2.2.3 Photo-resist developing
The developing step was the most sensitive step in the whole process. When developing
was too aggressive, PR structures were wiped out all over the substrate. Thus, the
development was carried out without stirring. After some trials, developing time was
established between 40 and 50 seconds. Furthermore, if developing time was extended for
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a couple of extra seconds, the nano-structures started to be wiped out of the substrate,
as it is shown in ﬁgure 2.6.
(a) (b)
Figure 2.6: Wiped out pillars during developing.
2.3 Sample preparation
This section summarizes the procedure done at Centre Micronanotechnology (CMi) to
obtain the ﬁnal array.
2.3.1 Nanoholes
Single-side polished 100 p-type silicon wafers with 30 nm SiO2 dry oxide layer were used
as substrate for the experiments. Their resistivity was between 1 and 10 Ω · cm. First
of all, the substrate needs alignment marks in order to make the two-step photolithog-
raphy. Then, the substrate was automatically coated in EVG 150 equipment with 1 µm
of AZ ECI 1512HS photo-resist. Oxygen plasma (Tepla gigabatch plasma) was previ-
ously performed for 10 min to clean the surface and improve the adhesion. The PR ﬁlm
was exposed (UV Broadband) through a conventional chromium mask with alignment
marks for 1.4 s in Süss MA6/BA6 (exposure dose of 10 mW/cm2). After developing the
photo-resist in EVG 150, alignment marks were etched in a BHF (40% NH4F : 50% HF
7:1) bath for 2 min. An Oxygen plasma was performed for 15 min.
Once the alignment marks were transferred to the substrate, the wafer was automati-
cally coated again in EVG 150 with 300 nm of negative PR AZ 2070 nLoF diluted 1:2.
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Phase-shift lithography was done in two exposure steps. Süss MA6/BA6 was employed
to expose the wafer with UV Broadband light during 2.6 s. After this ﬁrst exposure
the substrate was turned 90 degrees and exposed to UV light in the same way. The
post exposure baking for image reversal was performed at 107 °C for 90 s, followed by
developing in EVG 150 with an speciﬁc recipe. Figure 2.7 shows the diﬀerent steps of
nanoholes exposure.
Figure 2.7: Nanoholes process ﬂow.
Finally, the pattern was transferred to the SiO2 layer by wet etching using the PR mask.
The substrate was dipped in BHF, 7:1 solution, for 14 s and an Oxygen plasma was
carried out to remove the PR.
2.3.2 Nanopillars
Single-side polished 100 p-type silicon wafers were used as substrate for the experiments.
Their resistivity was between 1 and 10 Ω · cm. The alignment marks were fabricated in
the same way as nanoholes process. However, the alignment marks were etched in Poly
Etch bath (HNO3 (70%) : HF (49%) : H2O, 50:3:20) for 1 min. In order to remove the
photo-resist an Oxygen plasma was performed for 15 min.
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Figure 2.8: Nanopillars process ﬂow [24].
The wafer was spin coated manually with 650 nm of AZ ECI 3007 previously a HMDS was
carried out. NF-PSL was made in two exposure steps. Süss MA6/BA6 was employed to
expose the wafer to UV Broadband light during 1.4 s. The action was repeated turning
the substrate 90 degrees and exposing to UV light in the same way. Manual develop-
ing was carried out with a 1:5 dilution of AZ 400K developer and deionized water for 40 s.
PR developed pattern had to be transferred to the Si substrate. In this case, an
anisotropic etching was required. Reactive Ion Etching, so-called dry etching, allows
to etch down vertically. The pattern was etched for 4 min. in Alcatel AMS 200
(SF6 (40 sccm)+C4F8 (55 sccm)). An Oxygen plasma was made to clean the surface
of any residue. Figure 2.8 summarizes nanopillars fabrication.
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Both nanostructures, holes and pillars were ﬁnally achieved with a reasonable quality
on a large area. Clearly, resolution of produced nanoholes is not comparable to e-beam
resolution but still it is higher than the standard photolihtography methods. Etched
pillars presented restrictions of length and some damage on their top part. However, the
arrays were homogeneous around the wafer, but a limited Si : PR selectivity reduced the
quality in several aspects.
3.1 Nanoholes
The following images were taken in the SEM. Top view, tilted and cross section images
were taken to further analyze the shape and dimensions of the holes.
(a) (b)
Figure 3.1: SEM holes tilted view (20°).
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Phase-shift photolithography technique can only be justiﬁed if the resolution is signiﬁ-
cantly lower than conventional photolithography. Hole diameter varied from 500 to 750
nm as its shown in ﬁgure 3.1. Although there is a non negligible variance, the diameter
range is acceptable because it is clearly lower than 1 µm, the resolution limit of the
standard photolithography. However, the wet etching, which transferred the pattern to
the SiO2 layer, presents an isotropic engraving that deﬁnitely enlarges hole diameter.
A clearly rounded nanohole shape was also important for the original purpose of the
project, the growth of nanowires. Random hole shapes appeared when mask quality was
low as it is shown in ﬁgure 3.2b. Once the PSM was developed correctly, the edges of
the mask were sharp and the relief mask structure was free of defects, rounded shape
holes were regularly obtained.
In spite of having a symmetrical pattern on the mask, holes distribution in the arrays is
not symmetrical. Figure 3.2a reveals the 4 pack holes groups appeared in the process,
it is an observed trend in most of the prepared wafers. It can be more or less ampliﬁed
depending on the sample, it is an uncontrolled output characteristic. The pitch should
be 2 µm, instead of that, we have pitches repetition of 1,7 and 2,3 µm alternatively.
(a) (b)
Figure 3.2: SEM images, (a) 4 pack holes groups and (b) bad shape holes.
These results open several research paths on possible applications for this large area
nanoholes patterning method. The possibility to make smaller diameter hole arrays could
be investigated deeply by improving relief sharpness of the mask as well as the contact
between mask and PR while exposing. On the other hand, as BHF is an isotropic etchant,
it enlarges the hole diameter. This eﬀect could be avoided by using an anisotropic
etchant, such as reactive ion etching (RIE). In terms of growth analysis, it could be
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interesting to investigate the inﬂuence of the pitch on the nanowire growth. For such a
study, a control on holes pitch would be necessary. This could be achieved by engineering
the relief spacing and periodicity of the mask [25, 26].
3.2 Nanopillars
The following images were taken in the SEM, top view and tilted images were funda-
mental to analyze pillars quality.
Firstly, pillars diameter will be analysed. As it occurs with holes, a pillar diameter lower
than 1 µm is expected. Pillars diameter oscillated between 500 and 700 nm depending
on the sample and the array (see ﬁgure 3.3a). Secondly, pillars length was limited by the
etching selectivity between the PR and the Si. Even though the Si : PR selectivity is 10
: 1, the top of the pillars presents some damages. In order to avoid these irregularities
to propagate along the pillars, their length was limited to 2,1 µm. The coated PR on
the substrate suﬀers lot of chemical changes and its thickness is reduced dramatically
during the whole NF-PSL process [10]. This fact could explain the short eﬀective time
to etch. Even though, the length was enough to appreciate the structure slenderness
(ﬁgures 3.3b and 3.3c).
Unexpectedly, pillars pitch was quite regular and there was less deviation between pillars
than holes, as it can be seen in ﬁgure 3.3a, the deviation was 60 nm in average per
pillar. When exposing on Si layer, instead of SiO2, this deviation in the pitch is much
less important.
Dry etching caused some damage on the tip of the pillars. In some cases, pillars shape
was clearly damaged (ﬁgure 3.4a), others showed only some erosion around the pillars
head (ﬁgure 3.4b). Heterogeneity in RIE can be explained by the variance of PR rough-
ness. Some factors can aﬀect the roughness of developed PR: PR developing and PR
adhesion. On the other hand, photo-resist heating up during RIE could cause softening
on the PR soft mask and explain the damage on the head. Further work could be done
by trying diﬀerent RIE recipes to heat less the PR mask. Further research could explore
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(a) (b)
(c)
Figure 3.3: SEM nanopillars images (a) top view, (b) and (c) tilted with an angle of
20°.
the use of a hard mask instead of a PR mask. As well as the nanoholes pattern is
transferred to SiO2, nanopillars pattern could be transferred to a SiO2 underlayer which
would have a higher stability and selectivity when dry etching.
(a) (b)
Figure 3.4: (a) eroded and (b) damaged pillar (20° tilt).
The homogeneity was evaluated all around the wafer, the central area of wafers had
worse results than in the lateral, see ﬁgure 3.5. Several pillars shape could be found
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in diﬀerent arrays of the same wafer. Moreover, pillars quality started to decrease dra-
matically after 12 mask uses, showing non-circular shapes and damaged zones due to
etching (ﬁgure 3.6). If NF-PSL wants to be used in the future to pattern large nanopillar
arrays reguarly, it would be important to prolong mask's life to reduce the cost per wafer
produced.
(a) (b)
Figure 3.5: Overview SEM images tilted with an angle of 20°, (a) central exposed area
and (b) lateral exposed area.
(a) (b)
Figure 3.6: SEM 20° images of bad quality arrays.
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Part II
Solar cells based on Si nanopillars
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Chapter 4
Si solar cells
Supplying our civilization with energy in a sustainable way is one of the most ambitious
challenges of our epoch. Over the last 50 years, commercial silicon photovoltaics have
been developed to convert sunlight into electricity at eﬃciencies around 20%. However,
large-scale implementation is currently not economically viable because of its high cost
compared to the traditional fossil fuels burning. Third-generation solar cells give a
promising future on photovoltaics because they require less material while performing
similar or even higher eﬃciencies, which leads to a lower cost per produced energy unit.
4.1 Introduction
One approach to third generation solar cells is based on vertical semiconductor micropil-
lar or nanowire arrays which work as a high eﬃcient light trap and carrier collector.
These advantages give the chance to reduce the cost of high-eﬃciency solar cells by
using less expensive substrates [27].
The purpose of this work is to fabricate a solar cell device based on silicon nanopillars
made by NF-PSL. Some handicaps are implicit when using this novel photolithographic
technique, such as high density surface defects due to pillars top-down etching. In
order to minimize the eﬀect of surface defects on the eﬃciency, diﬀerent materials were
employed as passivators on the silicon surface.
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4.2 The pn junction
The resistivity (ρ) of a semiconductor ranges between a conductor (ρ < 10−3 Ω · cm)
and an insulator (ρ > 107 Ω · cm). There are two allowed energy levels for the electrons
in a semiconductor: the valence band, which has a lower energy, and the higher energy
conduction band. The forbidden energy region that separates them is called band gap.
Doped semiconductors are materials that contain impurities added on purpose or unin-
tentionally. By controlling the concentration and the type of impurities added to the
crystal lattice, the population of mobility carriers can be changed. Impurities introduce
a permitted energy state within the forbidden band gap which can be useful to emit
and trap electrons from/to the conduction or valence band. Semiconductors doped with
donor impurities are called n-type, while those doped with acceptor impurities are known
as p-type.
If isolated pieces of a n-type and a p-type semiconductor are brought together, the Fermi
levels of n-type and p-type align (ﬁgure 4.1). It would be expected that electrons and
holes will ﬂow by diﬀusion from the region of high concentration to the region of low
concentration. This causes the band bending of the conduction and valence energy band.
The resulting electric ﬁeld produces drift forces that oppose the diﬀusion forces leading
to equilibrium conditions. The region around the junction aﬀected by the electric ﬁeld
is called the depletion region.
Figure 4.1: Energy band diagram of a pn junction in thermal equilibrium.
Reverse bias corresponds to applying a negative voltage to the n-type region relative
to the p-type region. When a negative voltage is applied, the potential across the
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semiconductor increases and so does the depletion width. On the opposite, forward bias
consists of applying a positive voltage to the n-type region. In this case, the potential
across the semiconductor decreases and so does the depletion width.
(a) (b)
Figure 4.2: Energy band diagram of a pn junction in reverse (a) and forward bias (b).
If the semiconductor is moved from equilibrium by the action of light, producing electron
and hole currents, the device has a photovoltaic behavior. The illuminated cell generates
power proportional to the light intensity, when the current-voltage product is positive.
If the the current-voltage product is negative because the applied bias is not in the
right range (between 0 and the open-circuit voltage) the device acts as a photodetector,
consuming power to generate a photocurrent.
4.3 Si solar cells based on nanopillar arrays
Nanowire solar cells have been fabricated using c-Si [28], amorphous-Si [29], GaAs [30],
III-nitride [31] or InP [32] by using techniques based either on bottom-up, or on top-down
approaches. On one hand, nanowires can be grown by molecular beam epitaxy [30],
metal-organic chemical vapor deposition [28], etc. based on vapor-liquid-solid (VLS)
growth. On the other hand, metal-assisted chemical etching [23] and deep reactive-ion-
etching [33] are common top-down techniques. However, each technology has its own
disadvantages, for example, the carrier recombination of VLS nanowires could limit the
overall eﬃciency due to metal catalyst contamination [34].
Although there are diﬀerent material choices to fabricate nanowire arrays based solar
cells, many groups focused on silicon devices due to its abundance in nature and its
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mature technology behind. Atwater group, for example, achieved in 2011 a photovoltaic
eﬃciency up to 9.0% with Si microwire [35]. The parameters to design and improve the
eﬃciency of such a photovoltaic device have been deeply investigated.
The entire microwire array functions as a high eﬃcient light trapping, improving the
eﬃciency compared to a planar device [33]; it has, as well, an intrinsic antireﬂection
eﬀect which increases absorption in the short wavelength range [36]. Besides, single-
nanowires show exceptional boost in light absorption due to the vertical positioning and
to a resonant increase in the absorption cross-section [37].
There are two main pn junction geometries for nanowires, radial and axial junctions.
Radial junction decouples absorption and collection directions providing a photocurrent
increase, while axial case takes only advantage of light trapping eﬀect [33, 38]. Radial pn
junction must be tuned to achieve higher eﬃciencies by optimizing the relation among
pillar diameter, doping concentration and junction depth [39]. Minority carrier recombi-
nation at the silicon surface is mitigated commonly by passivating with SiO2 or SiNx [40].
The geometry of silicon nanopillar arrays has been studied by several groups to optimize
absorption and collection eﬃciency. On one hand, by simulating a wide window of Si
nanopillar diameter and pitch, it was concluded that the increase of the pillar period, ﬁrst
led to an increment and then a decrease in the absorption eﬃciency for a ﬁx diameter
per pitch ratio (D/P). This behavior is interpreted as a tradeoﬀ between the light trans-
mission suppression and the reﬂection enhancement. On the other hand, by increasing
the nanowire length the surface-to-volume ratio increases, rising the probability of carrier
recombination [33].
Chapter 5
Experimental method
In this chapter we summarize our approach to create a photovoltaic device based on a
nanopillar array made by NF-PSL. First part of the present report explains precisely how
to obtain nanometric pillars by this novel technique. However, the phase-shift mask was
adapted to the new requirements, hence, twelve cells (16 mm2) were distributed on the
wafer layout.
5.1 Doping
Our approach to fabricate nanopillar array solar cells is based on an axial pn junction
along the pillar height. Axial pn junction is better option than radial for the present
study due to the following restrictions. Since the doping mechanism used is diﬀusion, it
exists a minimum Si thickness to be doped. Given that pillars made by NF-PSL have a
very small diameter (500-750 nm), a radial doping would create a completely n-doped
pillar. Moreover, it is our goal to study the diﬀerences on passivating materials when
creating a PV device. Simulation studies demonstrated that axial pn junction devices are
more sensitive to the passivating material quality than radial junction devices because
carriers can more easily recombine at the interface [41].
The n-doped Si layer was formed by thermal diﬀusion of POCl3 in a furnace at 950 °C for
15 min. Figure 5.1 shows the doping proﬁle of the junction measured by a capacitance-
voltage measurement (Wafer Proﬁler CVP21). The depletion region is located around 1
µm depth.
35
36 Chapter 5 Experimental method
Figure 5.1: Doping proﬁle with incorporated error.
5.2 Passivating layer
The material which insulates the n-base from the top electrode can be used as a passivat-
ing layer at the same time. Nanopillars require surface passivation to decrease the density
of surface states on the pillar sidewalls which lead to lower charge carrier mobility, Schot-
tky contacts and higher carrier recombination [42]. Several materials are widely used in
microelectronics as gate dielectrics or diﬀusion barriers, as well as surface passivation of
Si micropillars in photovoltaics [43]. Their use on photovoltaics have already been re-
ported in experimental studies based on Si micropillars PV devices [28, 40, 43, 44]. Here,
we will not only compare diﬀerent passivators but the material deposition method as well.
Table 5.1 summarizes the selected passivating options employed in this project. It must
be highlighted that the ﬁfth sample combines two passivating layers. SiO2 sputtering
was performed in CMi facilities (Pfeiﬀer Spider 600), thermal SiO2 was obtained by dry
oxidation in a furnace at 950 °C at CMi , Al2O3 was deposited by Atomic Layer Deposition
(ALD) at CMi (BENEQ TFS200) and SiNx was deposited by Plasma-Enhanced Chemical
Vapor Deposition (PECVD) at III/V laboratory at IPEQ.
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Table 5.1: Thickness and deposition method employed for the passivating layers studied.
M1 Thck1 (nm) Meth1 M2 Thck2 (nm) Meth2
Sample 1 SiO2 50 Sputtered - - -
Sample 2 SiO2 50 Thermal - - -
Sample 3 Al2O3 50 ALD - - -
Sample 4 SiNx 60 PECVD - - -
Sample 5 SiO2 50 Thermal SiNx 30 PECVD
5.3 Contacts
The oxide/nitrate layer is conformally deposited on top of the device. In order to contact
the n-tip of the pillars with Indium Tin Oxide (ITO), the insulating layer had to be
partially removed. The passivating layer on pillar's heads (n-doped region) was removed
to then connect with Indium Tin Oxide (ITO) every pillar in the array. The most critical
step of the device fabrication was to set the right passivating layer height. The pillars
were embedded in a polymer matrix followed by a polymer etching to etch down its
level above the pn junction height. The polymer etching was not homogeneous in the
nanopillar array, as it is shown in ﬁgure 5.2a; the polymer etching rate in the border
regions was higher than in the inner parts. Then, using the polymer as an etch barrier
(ﬁgure 5.2b), the passivating layer was etched with BHF, leaving uncovered the pillar's
top region without shunting the junction (ﬁgure 5.2c).
ITO was chosen to connect in parallel the pillars because it is a Transparent Conductive
Oxide (TCO) widely used for optoelectronic devices due to its high transmittance (96%
in the visible range) as well as high conductivity (0.2-0.4 mΩ · cm) for eﬃcient carrier
transport.
5.4 Sample preparation
This section summarizes the method employed at Centre Micronanotechnology (CMi)
to fabricate the PV device based on nanopillars.
Single-side polished 100 p-type silicon wafers were used as substrate for the experiments.
Their resistivity was between 1-10 Ω · cm. In order to protect the back side of the wafer
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(a) (b)
(c)
Figure 5.2: SEM images (a) nanopillar array embedded in a polymeric matrix, (b)
uncovered pillars surrounded by PR and (c) passivating material height after etching
passivating layer and removing PR (20°).
from subsequent diﬀusion, a layer of oxide was required. Thus, prior to stripping oﬀ
the oxide by a buﬀered HF dip, a thick layer of photoresist was spin coated on the rear
surface. Once the front side was oxide-free, the photoresist was removed. At this point,
a n-doped layer was formed by diﬀusing POCl3 for 15 min at 950 °C. Right after the
diﬀusion, the surface was again exposed to buﬀered HF long enough to remove the oxide
grown during diﬀusion.
NF-PSL was carried out to produce nanopillars on the substrate. Thus, the pn axial
junction was located in the half-length of nanopillars. In order to electrically insulate the
n- and p-doped parts in the pillar length. Pillars and substrate were covered by diﬀerent
types of passivating layers described in section 5.2. Then, pillars were embedded in a
polymer matrix which would act as an etch barrier for the passivating material located on
the substrate. For this purpose, photoresist AZ ECI 3027 was spincoated at 3000 rpm
for 1 min and baked at 120 °C for 5 min, obtaining an homogeneous ﬁlm 3100 nm thick.
Afterward, the resist layer was etched down for 2 min using an O2 Induced Coupled
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Figure 5.3: PV device process ﬂow.
Plasma (ICP). A controlled etch was achieved by using an electrostatic chuck power of
100 W and an ICP source power of 600 W. The remaining photoresist thickness was
around 1900 nm. The passivating layer covering the polymerfree part of the pillars was
removed by dipping the samples in BHF, 7:1 solution, between 20 and 50 s depending
on the passivating thickness and nature. Finally, 200 nm of aluminum were sputtered on
the backside and 560 nm of ITO on the front side. On top of the ITO, a layer of 10 nm
of Ti and 100 nm of Au was evaporated through a metallic mask all around the arrays
to have a better contact with the probe tip. Figure 5.4 represents the pillar section once
the device process is ﬁnished.
Figure 5.4: Nanopillar diagram (courtesy of J. Werner).
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5.5 Measurement techniques
5.5.1 Current-Voltage curve measurement
Short-circuit current Jsc and open-circuit voltage Voc were measured using a solar sim-
ulator with a light equivalent to air mass 1.5 (AM 1.5, 100 mW/cm2). Conversion
eﬃciency η and short-circuit current density Jsc were calculated using the projected area
of the solar cell.
The photocurrent generated by a solar cell under illumination at 0 bias is deﬁned as
short-circuit current Jsc; it is dependent on the intensity of the incident light. When a
load is present in solar cell terminals, a potential diﬀerence generates a current acting
in the opposite direction to the photocurrent. The reverse current is known as dark
current Jdark. Open-circuit voltage Voc corresponds to the equilibrium point where the
dark current Jdark and the short circuit photocurrent cancel out. When the voltage is
between 0 and Voc, the device under illumination acts as a photodetector and generates
power. Figure 5.5 shows the characteristic curve of an ideal cell.
Solar cells operating range of voltage is from 0 to Voc, when the cell delivers power to
the load. The maximum power that a cell can deliver occurs at some voltage Vm and
current density Jm. The ﬁll factor is a ratio that evaluates the squareness of the J-V
curve, deﬁned as:
FF =
Jm · Vm
Jsc · Voc
The eﬃciency η of the cell is deﬁned as the power density delivered at the maximum
power point as a fraction of the incident light power Ps.
η =
Jsc · Vov · FF
Ps
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Figure 5.5: The current-voltage curve (black) and the power-voltage (grey) of an ideal
cell [42].
5.5.2 Spectral response measurements
The spectral response was measured in the fabricated solar cells in order to understand
better which was the reason of the high eﬃciency in some samples. By measuring the
photo-current (I) and knowing the incident light power (P), the external quantum eﬃ-
ciency (EQE) can be calculated, i.e. the photon-to-current conversion eﬃciency at each
wavelength:
ϕph =
Pλ
hc
, ϕe =
I
q
, EQE =
ϕe
ϕph
Where h = 6.626 · 10−34 m2kg/s, c = 3 · 108 m/s, q = 1.6 · 10−19 C. ϕph is the
photon ﬂux arriving on the sample and ϕe is the electron ﬂux which is generated via
the photovoltaic eﬀect by the sample. The external quantum eﬃciency is important
because it allows us to know how many photons are actually converted to electrons at
each energy.
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Chapter 6
Results and conclusions
In this chapter we present the electrical measurements made in the solar cells including
current-volatge and spectral response measurements. The results are interpreted in terms
of passivation characteristics of diﬀerent materials used: Sputtered SiO2, thermal SiO2,
SiNx, Al2O3 and a double layer of thermal SiO2 and SiNx.
6.1 J-V curves
Figure 6.1 plots the current-density vs. voltage (J-V) of the most eﬃcient fabricated
device, the one passivated by a double layer of SiO2 and SiNx. This solar cell produced a
Voc of 0.52 V, Jsc of 28.35 mA·cm−2, and ﬁll factor (FF) of 66.87%, yelding an eﬃciency
of η= 9.90 %. These PV device characteristics are comparable to other high eﬃciency
third generation solar cells reported elsewhere [34, 35]
Table 6.1 summarizes the device characteristics of each surface passivator type while
ﬁgure 6.3 shows their J-V curves. Sputtered SiO2 curve was omitted due to its irrelevant
result, the high porosity of sputtered SiO2 ﬁlms could be the cause of such a bad rectifying
behavior (see ﬁgure 6.2).
The minority carriers recombination is the main reason of such big diﬀerences when
choosing the passivating material in this nanopillar solar cell approach. The principal
recombination mechanism is the Shockley-Read-Hall (SRH) acting specially on the sur-
face. Holes in the n-doped region (pillar's half-length), and electrons in the p-doped
region (pillar's half-length and substrate) are trapped or/and recombined very easily due
to a high density of broken bonds on the pillars surface. As it has been explained previ-
ously, pillars top-down etching produces an erosion in the side-walls which increases the
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Figure 6.1: Photovoltaic J-V characteristics of the best device obtained.
surface recombination velocity that compromises the future performance of the device.
When there is a strong surface recombination, axial pn junction suﬀers from an important
eﬃciency reduction in comparison to radial pn junction due to a higher surface minority
carrier concentration [41]. Furthermore, in the axial structure, the surface recombination
is all along the pillar (mostly p-doped) while in the radial case is localized in the n-doped
shell. In the radial pn junction, the surface proximity provokes a diﬀusion of holes towards
the junction which leads to a lower minority carrier density on the surface. On the
contrary, nearly all the surface in axial pn junction has no inﬂuence from the junction
region, leading to a higher minority carrier concentration and a higher recombination
velocity.
Table 6.1: Measured properties of nanopillar arrays solar cells.
Pillar passivator Voc/ V Jsc/ mA·cm−2 FF(%) η (%)
Thermal SiO2 + SiNx 0.52 28.35 66.87 9.90
SiNx 0.38 18.68 47.88 3.42
Al2O3 0.37 17.36 37.47 2.42
Thermal SiO2 0.22 11.25 47.80 1.18
Sputtered SiO2 0.05 15.02 29.10 0.23
It has been demonstrated by simulation that an increase of the surface recombination
velocity in nanowire array solar cells provokes both a decrease of Voc and Jsc due to
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Figure 6.2: J-V characteristic curve of a regular and a bad rectifying solar cell.
the shifting of the minority carrier Quasi-Fermi levels towards the center of the bandgap
leading to a smaller built-in voltage [41]. The combination of thermal SiO2 and SiNx is
clearly the best passivating layer for silicon nanopillars, most probable because of a low
surface recombination velocity. Some works demonstrated that the surface degradation
of the SiO2/SiNx is very low for thin oxides and supposing that SiNx ﬁlms can restore
the SiO2 layer by a combination of a ﬁeld eﬀect passivation and a very eﬀective hydro-
genation of dangling bonds during the PECVD of SiNx [40, 45].
Moreover, SiNx and thermal SiO2 acting separately are unquestionably not performing
as good as their union, their Voc and Jsc are lower than the best cell reported which
indicates a reduced passivating quality [41]; both of them giving eﬃciencies lower than
4%. Thermal SiO2 bad performance could be partially explained by a re-diﬀusion of
phosphor impurities to oxide during the oxidation step [46], reducing then its insulating
function. Although Al2O3 ﬁlms have been demonstrated to have excellent surface pas-
sivation proprieties [47], the results are lower than expected.
Further research could optimize the SiO2/SiNx passivating conditions by changing the
layer thickness which could lead to a higher solar cell photo-current, a slightly better Voc
and a higher FF. Arrays with longer nanopillars might also increase the current density as
a result of an improvement of sun-light trapping as long as the surface is well passivated
in the extended area. Further measurements could analyze the minority carrier lifetimes
of the diﬀerent passivating layers to understand better the recombination mechanisms
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along the pillar and then oﬀer a complete comparison model.
6.2 Spectral response
Figure 6.4 plots the curves corresponding to the EQE of the devices with SiO2/SiNx and
SiNx passivating layers. The spectral response of the device with SiO2/SiNx presents
the highest EQE values which matches with the best short-circuit current reported in
section 6.1. The device with SiNx as a passivating layer exceeds slightly the EQE of the
SiO2/SiNx passivated device in the range of low wavelengths but then it clearly falls for
wavelengths higher than 650 nm. Thus, SiO2/SiNx surface passivation allows to collect
more eﬃciently the electrons with high wavelength generated in the substrate p-doped
region. Due to the low absorption coeﬃcient of silicon, the reduction of the recombi-
nation velocity increases clearly the number of electrons collected at larger wavelengths
which leads to a higher Jsc.
An interesting work has pointed that SiNx layers are excellent as an antireﬂection coating
because it is possible to adjust easily its refractive index to low values (n=1.8). How-
ever, it can also be employed as a good surface passivator with a high value of n, which
gives a considerable light absorption (n=2.9) [48]. Thus, a balance among reﬂectance,
absorption and passivation properties should be optimized for solar cell purposes. The
same research group has analyzed the antireﬂection properties of graded SiOxNy layers
by simulation, concluding that a double layer of SiO2/SiNx has less optical losses (ab-
sorption and reﬂectance) than a SiNx layer with the same refractive index. These results,
add to the favorable passivating proprieties of the SiO2/SiNx combination (section 6.1),
explain the high performance of the ﬁnal solar cell device.
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(a)
(b)
Figure 6.3: Current-density vs. voltage curves for four diﬀerent passivating layers.
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Figure 6.4: External quantum eﬃciency for SiO2/SiNx and SiNx passivated devices.
Conclusions
In conclusion, it has been demonstrated that is possible to increase the resolution limit
by means of NF-PSL. Although 500nm-size features have been fabricated by a low cost,
quick and large scalable technique, still it is not possible to control the size of the desired
structures. The heterogeneity on the wafer layout is an important issue which becomes
more critical due to mask wearing after several uses.
Nanopillar arrays have been used to fabricate solar cell devices which show in one par-
ticular case an excellent eﬃciency despite the array was made by NF-PSL. Taking into
account the axial pn junction approach and the limitations in pillar's length and side-wall
quality, the produced devices overcome the expectations. The solar cell eﬃciency could
be increased ﬁrstly by improving the arrays fabrication with longer pillars and better
surface quality and secondly by optimizing the passivating layer that reduces the surface
recombination.
Axial pn junction in nanopillars has been found as a very eﬀective approach to distinguish
the passivating ability of diﬀerent materials. An extraordinary passivating quality in
combination with an excellent antireﬂection performance, made SiO2/SiNx double layer
an exceptional material to passivate, insulate and act as an antireﬂection coating in this
particular nanopillar based solar cell approach.
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Acronyms
EPFL École Polytechnique Fédéral de Lausanne
IEA International Energy Agency
MBE Molecular Beam Epitaxy
CMi Center of Micronanotechnology
RIE Reactive Ion Etching
SEM Scanning Electron Microscope
RETs Resolution Enhancement Technologies
ZEP Styrene Methyl Acrylate
PGMEA Propylene Glycol Methyl Ether Acetate
OPC Optical Proximity Correction
PSM Phase-Shift Mask
OAI Oﬀ-Axis Illumination
MoSi Molybdenum Silicide
NF-PSL Near Field Phase-Shift Photolithography
PR Photo-Resist
HF Hydroﬂuoric acid
PDMS Polydimethylsiloxane
HMDS Hexamethyldisilazan
ALD Atomic Layer Deposition
PECVD Plasma-Enhanced Chemical Vapor Deposition
ITO Indium Tin Oxide
VLS Vapor-Liquid-Solid
EQE External Quantum Eﬃciency
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